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We present the measurement of R =  B(t —»■ W b)/B(t —»■ Wq) in pp collisions at =  1.96 TeV, 
using 230 pb -1  of data collected by the D 0 experiment at the Fermilab Tevatron Collider. We fit 
simultaneously R and the number (Ntj) of selected top quark pairs (if), to the number of identified 
b-quark jets in events with one electron or one muon, three or more jets, and high transverse energy 
imbalance. To improve sensitivity, kinematical properties of events with no identified b-quark jets 
are included in the fit. We measure R =  1.03—0" 17 (stat +  syst), in good agreement with the standard
4model. We set lower limits of R > 0.61 and | Vtb | > 0.78 at 95% confidence level.
PACS num bers: 12.15.Hh, 14.65.Ha
W ithin  the stan d ard  model (SM), the top  quark  de­
cays 99.8% of the tim e to  a W  boson and a b quark, w ith 
the ra tio  R =  B (t ^  W b )/B (t ^  W q) (here q refers to
d, s, or b quarks) expressible in term s of the  Cabbibo- 
Kobayashi-M askawa (CKM) m atrix  elem ents [1] R  =
\Vtb\2+\VtJ\2+\vtd\2 ' u n ita rity  of the CKM m atrix  and 
experim ental constrain ts on its elem ents [2] yield the SM 
prediction 0.9980 <  R  <  0.9984 a t the 90% C.L. Nev­
ertheless, a fourth  generation of quarks or non-SM pro­
cesses in the production  or decay of the  top  quark  could 
lead to  significant deviations from the SM. So far, m ea­
surem ents of R  by the CDF collaboration [3, 4] have not 
established a deviation of R  from unity.
In the present analysis, we assume th a t the top  quark 
decays into a W  boson, bu t th a t the associated quark 
can be d, s, or b. Lepton +  je ts  final sta tes arise in t t  
when one W  boson decays leptonically and the o ther into 
a qq' pair. A bout 6% of the signal arises from t t  events in 
which bo th  W  bosons decay leptonically, bu t one charged 
lepton is not reconstructed, while additional je ts  are pro­
duced by initial or final s ta te  radiation . In this Letter, 
we repo rt the  m easurem ent of R  in the lepton (electron 
or muon) +  je ts  channel (I +  jets). The lepton can come 
either from a direct W  decay or from W  ^  t  ^  e /^ . We 
use b-jet identification (b-tagging) techniques, exploiting 
the long lifetime of B  hadrons, to  separate t t  events from 
the background processes. The d a ta  were collected by the 
D 0  experim ent from A ugust 2002 through M arch 2004, 
and correspond to  an in tegrated  lum inosity of 230 p b - 1 .
The D 0  detector incorporates a tracking system, 
calorim eters, and a m uon spectrom eter [5]. The tracking 
system  is m ade up of a silicon m icro-strip tracker (SMT) 
and a central fiber tracker (C FT), located inside a 2 T 
superconducting solenoid. The tracking system  provides 
efficient charged particle detection in the pseudorapidity  
region |n| <  3 [6]. The SMT strip  pitch of 50-80 ^m  
allows a precise determ ination of the  prim ary  in teraction 
vertex (PV) and an accurate m easurem ent of the im pact 
param eter of a track  relative to  the P V  [7]. These are key 
com ponents of the lifetime-based b-tagging algorithm s. 
The P V  is required to  be w ithin the fiducial region of the 
SMT and to  contain a t least three tracks. The calorime­
ter consists of a barrel section covering |n| <  1 .1, and 
two end-caps extending the coverage to  |n| «  4.2. The 
m uon spectrom eter surrounds the calorim eter and con­
sists of three layers of drift cham bers and several layers 
of scintillators [8]. A 1.8 T  iron toroidal m agnet is lo­
cated  outside the innerm ost layer of the m uon system. 
The lum inosity is calculated from the ra te  of pp  inelastic 
collisions, detected by two arrays of scintillation counters 
m ounted close to  the  beam -pipe on the front surfaces of
the calorim eter end-caps.
We select d a ta  in the  electron and m uon decay chan­
nels by requiring an isolated electron w ith p T >  20 GeV 
and |n| <  1.1, or an isolated m uon w ith p T >  20 GeV 
and |n| <  2.0. The lepton isolation criteria are based on 
calorim eter and  tracking inform ation. More details on 
lepton identification and trigger requirem ents are avail­
able in Ref. [9]. In b o th  channels, we require the miss­
ing transverse energy (ET ) to  exceed 20 GeV and not 
be colinear w ith the direction of the lepton projected 
on the transverse plane. The candidate events m ust be 
accom panied by je ts  w ith p T >  15 GeV and  rap id ity  
|y| <  2.5 [6]. Je ts  are defined using a cone algorithm  
w ith radius A R  =  0.5 [10].
We use a secondary vertex tagging (SVT) algorithm  to 
reconstruct displaced vertices produced by the decay of B 
hadrons inside jets. Secondary vertices are reconstructed  
from two or more tracks satisfying: p T >  1 GeV, >  1 hits 
in the SM T detector, and im pact param eter significance 
dca/5dca >  3.5 [7]. Tracks identified as arising from K°S 
or A decays or from 7  conversions are no t used. If the 
secondary vertex reconstructed  w ithin a je t has a decay- 
length significance L xy/S Lx >  7 [11], the je t is defined 
as b-tagged. Events w ith exactly  1 (>  2) b-tagged je ts 
are referred to  as 1-tag (2-tag) events. Events w ith no 
b-tagged je ts  are referred to  as 0-tag  events. A prediction 
for the num ber of background events and the fractions of 
ttt events in the 0 , 1, and 2-tag  samples require the  prob­
abilities for different types of je ts  (b-, c-, and light-quark 
jets) to  be b-tagged. The calculation of these probabil­
ities is presented in Ref. [16]. We fit sim ultaneously R 
and the to ta l num ber of ttt events in the 0 , 1, and 2- 
tag  samples (N tj) to  the num ber of observed 1-tag  and
2-tag  events, and, in 0-tag  events, to  the  shape of a dis­
crim inant variable D  th a t exploits kinem atic differences 
between the backgrounds and the t t  signal.
The m ain background in th is analysis is from the pro­
duction of leptonically decaying W  bosons produced in 
association w ith je ts  (W  + je ts). M ost of the je ts  ac­
com panying the W  boson originate from u, d, and s 
quarks and gluons (W + ligh t je ts). Between 2% and 14% 
of W  + je ts  events contain heavy-flavor jets, arising from 
gluon splitting  into bb or cc (Wbb or Wcc, respectively). 
A bout 5% of the W  + je ts  events contain a single c quark  
th a t originates from W -boson rad iation  from an s quark  
in the  p ro ton  or anti-pro ton  sea (s ^  W c). A sizable 
background arises from strong production  of two or more 
je ts  ( “m ultijets” ), w ith one of the je ts  misidentified as 
an isolated lepton, and accom panied by large E T result­
ing from m ism easurem ent of je t energies. Significantly 
smaller contributions to  the selected sam ple arise from
5Z  + jets , W W , W Z , Z Z , and single top  quark  production. 
Together, these five smaller backgrounds are expected to  
contribute from 1% to  7% of the selected sample, depend­
ing on the num ber of b-tagged je ts, and are referred to  
below as “o ther” backgrounds.
N orm alization of the  backgrounds begins w ith the de­
term ination  of the  num ber of m ultijet events in the se­
lected sample. The m ultijet background is determ ined 
using control d a ta  samples and probabilities for je ts 
to  mimic isolated lepton signatures, also derived from 
d a ta  [9]. Subtracting  th is background also provides the 
fraction of events w ith a tru ly  isolated high-pT lepton (i.e. 
t t  and all backgrounds, except m ultijets). The contribu­
tions from single top  quark, Z  + je ts , and diboson produc­
tion  are determ ined from M onte Carlo sim ulation (MC). 
The rem ainder corresponds either to  t t  or W  + je t produc­
tion. The signal and background processes are generated 
using ALPGEN [12] w ith m t =  175 GeV. PY THIA [13] is 
used for fragm entation and decay. B  hadron  decays are 
m odeled via EVTGEN [14]. A full detector sim ulation is 
perform ed using GEANT [15].
In an analysis based on the SM, w ith R  «  1, the t t  
event tagging probabilities are com puted assum ing th a t 
each of the signal events contains two b-jets [16]. In the 
present analysis, the  top  quark  can also decay into a 
light quark  (d or s) and a W  boson. The ra tio  R  de­
term ines the fraction of ttt events w ith 0 , 1, and 2 b- 
je ts  and  therefore how ttt events are d istribu ted  among 
the 0, 1, and 2-tag samples. In order to  derive the ttt 
event tagging probability  as a function of R, we deter­
mine the tagging probability  for the three following sce­
narios (i) t t  ^  W +b W - b (to  be referred to  as t t  ^  bb), 
(ii) t t  ^  W +b W - q  or its charge conjugate (referred 
to  as t t  ^  bq;), and (iii) t t  ^  W +q; W - q; (referred to  
as t t  ^  q;q;), where q; denotes either a d or s quark. 
The probabilities P nta to  observe n tag =  0, 1, or >  2 
b-tagged je ts  are com puted separately  for the  three types 
of t t  events, using the probabilities for each type of je t 
(b, c, or light-quark je t) to  be b-tagged. The proba­
bilities P n in the three scenarios are then  combined
n t a g
to  ob tain  the t t  tagging probability  as a function of R,
P ntag(tt) =  R 2p ntag(tt ^  bb) +  2R (1  -  R )p ntag(tt ^
bqi) +  (1 -  R )2Pntag(tt ^  qiqi), where the  subscript ntag 
runs over 0, 1, and >  2 tags. Table I com pares the ob­
served num ber of events in the  0 , 1, and 2-tag  samples 
w ith the sum  of the predicted backgrounds and the fitted 
num ber of t t  events.
The fraction of t t  events in the  I +  >  4 je ts  (I +  3 jets) 
0-tag sample changes from 10% (2%) for R  = 1  to  22% 
(4%) for R  =  0. The size of th is contribution  is of the or­
der of the  Poisson uncertain ty  on the num ber of events in 
the 0-tag sample. Therefore the  num ber of observed 0-tag 
events is a poor constrain t on R  and  N tj. We achieve a 
tigh ter constrain t on the num ber of t t  events in the  0-tag  
sample by constructing a discrim inant function D  for 0- 
tag  events in the I +  > 4  je ts  sample, th a t combines kine-
m atical event properties to  discrim inate between t t  signal 
and W  + je ts  background. The signal to  background ra ­
tio  in the I + 3  jets, 0-tag  sam ple is five tim es smaller 
th an  in the  corresponding >  4 je ts  sample. Therefore we 
do not consider such a discrim inant for I +  3 jets, 0-tag 
events. We select four variables th a t  provide good dis­
crim ination between signal and background and th a t are 
well modeled by the MC. The discrim inant function is 
built from: (i) the  event sphericity S , constructed  from 
the four-m om enta of the je ts, (ii) the event centrality
C, defined as the ra tio  of the  scalar sum  of the p T of 
the je ts  to  the scalar sum  of the  energies of the jets, (iii) 
K't min =  A R mmpmm/E W , where A R mm is the  m inim um  
separation in n — ^  space between pairs of je ts, pmin is 
the p T of the lower-pT je t of th a t pair, and is the 
scalar sum  of the  lepton transverse m om entum  and  E T , 
and (iv) HT2 =  HT2/ H z, where H T2 is the  scalar sum 
of the E T for all je ts  excluding the leading je t and H z 
is the  scalar sum  of the  absolute value of the m om enta 
of all the  je ts, the  lepton and the neutrino  along the z- 
direction [17]. Sphericity and cen trality  characterize the 
event shape and are described in Ref. [18]. In order to  
reduce the dependence on modeling of soft rad iation  and 
the underlying event, only the four highest-pT je ts  are 
used to  determ ine these variables.
T he discrim inant function is constructed  using the 
m ethod described in Ref. [19]. Neglecting correlations 
among the  input variables x 1, x 2,..., the  discrim inant 
function can be approxim ated by the expression:
v  =  U i S ijx ^ /b ijx i)
r i i  S i(x i)/b i(x i) +  1 ’
where sj(x j ) and bj(xj ) are the norm alized distributions 
of variable x  for signal and background, respectively. As 
constructed, the  discrim inant peaks near zero for back­
ground, and near one for signal. The shapes of the  dis­
crim inant for t t  and W  + je ts  events are derived from MC.
The shape of the  discrim inant for the m ultijet back­
ground is obtained from a control d a ta  sample, selected 
by requiring th a t the lepton candidates fail the  isolation 
criteria. The other backgrounds (Z + je ts , diboson, and 
single top  quark) have discrim inant distributions close to  
those of the W  + je t events, and contribute to  1% of the 
0-tag sample. In the final fit, we assume th a t these pro­
cesses have the same discrim inants as the W  + je ts  events. 
The background norm alization in the 1+  >  4 jets, 0-tag 
sample is ex tracted  from the discrim inant fit ra th e r th an  
from MC. To verify th a t the kinem atic variables used 
in the  discrim inant are well modeled by the sim ulation 
we com pare d a ta  and MC distributions in two control 
samples. To avoid biasing the m easurem ent w ith respect 
to  R, we choose control samples where b-tagging is not 
applied, and to  avoid bias w ith respect to  N tj we select 
events w ith little t t  content: I +  2 je ts  and  I + 3  jets. In
I +  2 je ts  events, the fraction of t t  events is negligible, 
whereas it makes up abou t 5% of the I + 3  je ts  events.
6In order to  m easure R  and  N tt, we perform  a binned 
m axim um  likelihood fit. The d a ta  are binned in th irty  
bins: (i) tw enty bins of the discrim inant D  in the e +  
>4 je ts  and  ^ +  >4 je ts, 0-tag samples, (ii) two bins for 
the  two 0-tag samples in e +  3 je ts  and  ^ + 3  jets, (iii) 
four bins for the four 1-tag  samples (electron or m uon 
and 3 or 4 je ts), and (iv) four bins for the four 2-tag 
samples (electron or m uon and 3 or 4 jets). In  each bin, 
we predict the  num ber of events th a t corresponds to  the 
sum  of the expected background and signal. The sig­
nal contribution  is a function of R  and N tj. To predict 
the num ber of events in each bin of the  discrim inant D, 
we use its expected d istribu tion  for W  + je ts  background 
and t t  signal. As described earlier, the norm alization of 
the m ultijet background is estim ated  by counting events 
in orthogonal control samples. S tatistical fluctuations in 
the num ber of events in the  control samples are taken 
into account. We incorporate system atic uncertainties 
into the likelihood by using nuisance param eters [20]. All 
preselection efficiencies, tagging probabilities, and shapes 
of the discrim inant D  are functions of the nuisance pa­
ram eters. The likelihood contains one G aussian term  for 
each nuisance param eter. The value of R  th a t  maximizes 
the to ta l likelihood is R  =  1 .03-0 'J7 (sta t +  syst), in good 
agreem ent w ith the SM expectation. A sum m ary of s ta ­
tistical and system atic uncertainties is given in Table I I . 
The fit also yields the to ta l num ber of t t  events in the 0, 
1, and 2-tag samples, N tj  =  163+27 (sta t). The result of 
the two-dim ensional fit is shown in the (R, N ti) plane in 
Fig. 1(a), w ith the 68% and 95% contours of sta tistical 
confidence. In Fig. 1(b) and Fig. 1(c), we com pare the 
observed num ber of events to  the sum  of the predicted 
backgrounds and the fitted  ttt contribution, in the  0 , 1 
and 2-tag samples for events w ith 3 je ts  and >  4 jets. In 
Fig. 1(d), we com pare the observed d istribu tion  of the 
discrim inant D  w ith the corresponding d istribu tion  for 
the sum  of the predicted backgrounds and the fitted ttt 
contribution.
We ex trac t lower lim its on R  and  the CKM  m atrix  
element \Vtb\ assum ing \Vtb\ =  y/R . Using a Bayesian 
approach w ith the prior n (R ) =  1 for 0 <  R  <  1 and 
n (R ) =  0 otherwise, we ob tain  R  >  0.78 a t the 68%
C.L. and R  >  0.61 a t the 95% C.L. For the CKM  m atrix  
element |Vtb|, we ob tain  |Vtb| >  0.88 a t 68% C.L., and 
|Vtb| >  0.78 a t the  95% C.L.
In sum m ary, we perform ed the m ost accurate m easure­
m ent of R  to  date, R  =  1.03-0'17 (sta t +  syst), in good 
agreem ent w ith the SM.
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